T he tutorials we have published in this column and the MATLAB scripts and packages we have shared with the readers have been used all around the world. We're encour aged a lot by the positive feedback we have received. I'm glad to inform you that most of those tutorials and simulation codes/ virtual tools are being revised and harmonized with sig nifi cant new material for my new book, Electromagnetic Modeling and Simulation (EM ModSim). This will be pub lished by the IEEE Press/Wiley as part of the IEEE Press Series on Electromagnetic Wave Theory with AP-S sponsor ship. The book will be on the market around June 2013, and will most probably be ready for the AP-S Orlando meeting. Thanks to all the IEEE and Wiley reviewers: their full support was very important in fi nalizing this book. Radiowave propagation models have long been used in electromagnetic signal-prediction problems. Different models use different sources: normalized results have therefore usually been compared. Normalization has been done against maximum values, free-space values, or values obtained above a non-penetrable fl at Earth. This is practical and acceptable in long-range propagation modeling, because excitation differences become negligible. Today's interest and priorities in propagation modeling have shifted to quite short ranges, which necessitates accurate source modeling. ModSim chal lenges and accurate source modeling will be discussed in this column in the next issue, with several useful MATLAB codes.
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Introduction
I n 1971, using the missing fourth link between the fl ux and the charge, Leon Chua postulated a new element that he named a "memristor," (a short form of "MEMory ResISTOR"). This was identifi ed by benefi ting from the rules of symmetry [1] . It was brought to the attention of the Anten nas and Propagation Society with the article in [2] . In 2008, 37 years after it was postulated, HP scientists published a paper announcing the physical realization of the memristor as a sim ple two-terminal element. They thus built a bridge between memristor theories and applications [3] . With this realization and its mathematical model provided by HP, new investiga tions and publications about the applications of the memristor to traditional as well as new circuit structures surfaced. Although the memristor -an analog device by its nature -is popular for nonvolatile memory applications, some approaches to modulation techniques with a memristor have also been considered. There are very few papers about its use in communications [4, 5] . Applications of the memristor's properties to other types of modulators, oscillators, and fi lters can be found in [6] .
In this paper, amplitude-shift-keying, frequency-shiftkeying, and binary-phase-shift-keying modulators with very simple architectures are proposed. These contain a preprocessing block and one of HP's 2 TiO memristor for amplitudeshift keying, and two of HP's 2 TiO memristors for frequencyshift keying and binary phase-shift keying. The amplitudemodulation modulator was the subject of the quiz, with its answer given at the end of the paper. The need for using a preprocessing block arises for converting unipolar bit sequences to an appropriate form for storing the data in the memristor as its memristance. The mathematical analyses and their verifi cations via simulations are also presented.
Fundamentals of the Memristor
As introduced in [1] , the memristor is a circuit element that is characterized by an algebraic relationship between the fl ux, ϕ , and the charge, q, as follows:
If a memristor that is identifi ed by the relation of Equation (1) is charge controlled, then the relationship becomes
Assuming a differentiable f, and applying the chain rule gives
where M is called the memristance, and has units of Ω . Rewriting Equation (3) in terms of the current,
showing the dependence of the memristance on the history of the current through it. The voltage at time t depends on the values of the current from time 0 t = on, and the initial charge, 0 q , justifying the use of "memory" in the name of the component.
A memristor shows one of its special behaviors with its voltage-current characteristic. Its current will be zero if and only if its voltage is zero. If a sinusoidal current is applied to the memristor, the current-voltage characteristic will show a hysteresis effect, also called a Lissajous curve, as shown in Figure 1 . The memristance is affected by the frequency of the applied periodic signal, which is another of the memristor's "fi ngerprints." For a sinusoidal current, Equation (4) becomes TiO two-terminal memristor prototype. This was almost as simple as an ordinary resistor. It showed a switching behavior similar to Chua's memristor, with a model as described in [3] . In this memristor, 
The memristance thus becomes
Here 
In Equation (6), D is the "length" of the titanium-dioxide fi lm, w is the "thickness" of the doped enlargeable region, ON R is the "on-state" available minimum resistance, OFF R is the "off-state" available maximum resistance, ( ) q t is the total charge passing through the memristive device, and v µ is the "average drift velocity" or "migration coeffi cient."
Integrating both sides of Equation (6b) gives
where ( ) u  is the unit step function, and
Based on the equalities of Equations (6) and (7), a SPICE model for HP's 2 TiO memristor with nonlinear dopant drift was given in [7] . Three different sinusoidal signals were applied to this model with different initial conditions, and the outcomes are shown in Figure 2 . The hysteresis loop was gen erated at 1 Hz, with 100 Ω initial memristance. The linear characteristic with smaller slope was obtained for a 1 kΩ ini tial memristance, with a larger slope for 100 Ω initial memris tance, both at 1 kHz. This behavior indicated that the mem ristor could be used as a linear resistance at high frequencies with memristance values set by the initial charge. All of the signature properties of the memristor were hence satisfi ed.
Amplitude-Shift-Keying Modulator
Taking advantage of the memristor's switching mechanism, it is possible to implement amplitude-shift-keying, frequency-shift-keying, and binary-phase-shift-keying modulators. The advantage of the high frequency behavior of the memristor, which was explained in Section 2 with Equation (5), will again be exploited. However, in order to operate the switching mechanism, there is a need for a "preprocessing" stage in these modulators that can convert the unipolar bit sequence into the appropriate form for modulation with the memristor.
If the baseband signal is directly applied to the circuit, the state of memristance is settled to a value, and does not change its state for a changing bit sequence. The preprocess ing circuit can be implemented simply with a DSP (digital signal processor) or with the circuit shown in Figure 3 . This simple circuit is made of a voltage-controlled current source (VCCS) and a differentiator, which consists of an RC circuit that recognizes the state changes from 0 to 1 or 1 to 0. The voltage at the output of the differentiator in Figure 3b can be expressed as
The SPICE simulation results for the input baseband signal and the output current of the preprocessing block are shown in Figures 4a and 4b , respectively.
A voltage-controlled current source or its equivalent is needed to convert the output voltage of the differentiator to the current that controls the state of the memristor. One bit of the binary signal, ( ) v t , as illustrated in Figure 5 , and its output current form from the preprocessor, can be expressed as 
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for a pulse width of T,
The nonlinearity of Equation (6b) 
The boundary condition
, which is no restriction. In fact, the expressions in Equation (11b) show that after an applied pulse of time duration T, if another pulse -opposite in sign but of the same magnitude and duration -is applied, the width, w, turns back to its initial value, 0 w , at time 3 t . The memristor preserves one of the high or low states as memristance. The narrow stimuli that are converted from a unipolar binary base band signal by the preprocessor block can change the mem ristance state, due to the sign or the direction of the current. The multiplication of carrier current with the higher memris tance value reached yields an acceptable output voltage. The amplitude-shift-keying modulator with a single memristor is shown in Figure 6 .
The change of memristance is expressed in Equation (12) for the given sample bit sequence of Figure 5 (observe the current directions), and using the expression in Equation (10) for 
The SPICE simulation results shown in Figure 7 were obtained by using the memristor model given in [6] 
Frequency-Shift-Keying Modulator
As mentioned before, the switching mechanism of the memristor can be used to produce ON or OFF states of a baseband signal. A frequency-shift-keying modulator with two In order to set the states of the memristor, the preproces sor converts the unipolar binary-message signal to the special form depicted in Figure 8 . Each carrier signal ( The proposed frequency-shift-keying modulator circuit with two memristors is shown in Figure 8 . The two memristors are needed to produce two output signals with different carrier frequencies. It should be observed that the memristors are connected with each other in opposite polarities. With this confi guration, the memristance of one memristor increases while the other memristance decreases. The output current of the preprocessor alternates the memristances between the high and low states. The message signal positively supplies one of the memristors to set its state to a low memristance, while the other signal is supplied negatively to have its memristance set at high state, or vice versa. As mentioned in amplitude-shiftkeying modulation, at the low-memristance state, the voltage of that memristor will be low. If the memristance is high, its voltage will be dominantly high. In this case, this implies that only one memristor is responsible for producing the output at time duration of each binary bit. Hence, the expressions given by Equations (10) and (11) cover the principles of frequencyshift-keying modulation.
The settled memristance value is multiplied by the cur rent of the carrier signal in order to produce the output volt age. The memristors preserve their states as memristances. At the output, the voltage on one of the memristors is close to zero, so one of the modulated signals is suppressed, while the other signal appears as a voltage that is the multiplication of the current signal and the memristance. As a result, the carri ers at different frequencies can be modulated with two mem ristors by storing the binary states as memristances.
The change of memristance is expressed in Equation (16) for the given sample bit sequence of Figure 5a , as implied by Equations (10) and (11). 
The settlement of the width, ( ) W t , is negligibly degenerated by the high-frequency condition, because both ( ) 
Restrictions similar to Equation (11c) also hold for the "Amplitude-Period product," AT, of the pulses that drive the memristor.
The SPICE simulation results shown in Figure 9 were realized by using the memristor in [6] 
I
, and an amplitude of 1 mA and a frequency of 100 Hz for 2 car I . 
Binary-Phase-Shift-Keying Modulator
Binary-phase-shift-keying modulation can also be achieved using two memristors, because of their switching behavior. Furthermore, the circuit that was designed for frequency-shift-keying modulation is suitable for binary-phaseshift-keying generation by simply connecting a single carrier source instead of two, as shown in Figure 10 . The operating principle of the circuit for binary-phase-shift-keying modulation using memristors is the same as the principle mentioned for frequency-shift keying. In frequency-shift keying, each memristor is responsible of storing one bit as a memristance at the time duration of each binary bit. Each memristor can be interpreted as implementing frequency-shift keying for differently phased carrier signals at different times. The expressions mentioned in Equations (12) and (13) hence cover the principles of binary-phase-shift-keying modulation.
The voltage at the output of the memristor is given in Equation (19): 
Each binary state can thus be modulated on two memristors by storing 1 bits on the memristor 1 M and 0 bits on the memristor 2 M as memristance, with opposite- The SPICE simulation results shown in Figure 11 were obtained by using the memristor model given in [6] 
Conclusion
In this paper, memristor-based amplitude-shift-keying, frequency-shift-keying, and binary-phase-shift-keying modulators were introduced. In all the modulators, the binary message was stored in the memristor as a high or low value of the memristance, by taking advantage of a proposed preprocessor implemented in SPICE at the transistor level. The amplitudeshift-keying modulator used a single memristor, and its output voltage was either zero or followed the sinusoidal carrier. For the frequency-shift-keying modulator, two memristors were used. The digital information was transmitted using two car rier signals with distinct frequencies. Depending on the mes sage bit, one carrier was transmitted to the output through memristor 1 M with high memristance while the memristance of 2 M was low, and vice versa for the other carrier. The out put voltage was the algebraic summation of the two voltages. Finally, the binary-phase-shift-keying modulator had the same structure as that for frequency-shift-keying, with the exception that a single carrier was used. The phase of the output changed by 180° in accordance with the message signal, which again switched the memristance values to high/low. In all of these applications, the mathematical derivations were verifi ed with simulation results.
Further applications, such as low/high/bandpass fi lters, and a Wien bridge oscillator, were developed, simulated via SPICE, and presented in [7] .
Finally, the two newly defi ned memdevices, the memcapacitor and meminductor [8] , together with the memristor, can be used instead of the classical resistive, capacitive, and inductive elements. The classic elements take up a huge amount of room in integrated-circuit implementations, and this should help with micro-miniaturization of new devices.
